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It is known that aging negatively affects the ability of the host im-
mune system to respond to viral infections (Nikolich-Zugich, 2018). 
Research centered on identifying age-related changes of the im-
mune system has led to the discovery of expansive defects within 
the adaptive immune system, such as the generation and main-
tenance of lymphocytes, altered cytokine profiles, B- and T-cell 
recall responses, and the acquisition of “age-associated B cells” 
(Brien, Uhrlaub, Hirsch, Wiley, & Nikolich-Zugich, 2009; Frasca, 
Diaz, Romero, & Blomberg, 2016; Hao, O'Neill, Naradikian, Scholz, 
& Cancro, 2011; Jiang, Fisher, & Murasko, 2011). However, studies 
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It is known that aging decreases natural resistance to viral diseases due to dysfunctional 
innate and adaptive immune responses, but the nature of these dysfunctions, particu-
larly in regard to innate immunity, is not well understood. We have previously shown that 
C57BL/6J	(B6)	mice	 lose	their	natural	resistance	to	footpad	infection	with	ectromelia	
virus (ECTV) due to impaired maturation and recruitment of natural killer (NK) cells to the 
draining	popliteal	lymph	node	(dLN).	More	recently,	we	have	also	shown	that	in	young	B6	
mice infected with ECTV, the recruitment of NK cells is dependent on a complex cascade 
whereby	migratory	dendritic	cells	(mDCs)	traffic	from	the	skin	to	the	dLN,	where	they	
produce	CCL2	and	CCL7	to	recruit	inflammatory	monocytes	(iMOs).	In	the	dLN,	mDCs	




ECTV is decreased, resulting in impaired IFN-γ	expression	by	G1-ILCs,	reduced	accumu-
lation	of	iMOs,	and	attenuated	CXCL9	production	by	iMOs,	which	likely	contributes	to	
decrease in NK cell recruitment. Together, these data indicate that defects in the mDC 
response to viral infection during aging result in a reduced innate immune response in 
the	dLN	and	contribute	to	increased	susceptibility	to	viral	disease	in	the	aged.
K E Y W O R D S
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examining age-related changes of the innate immune system re-
main scarce.
Dendritic cells (DCs) are cells of the innate immune system 
which are well known for their role as professional antigen-pre-
senting cells for the priming of T-cell responses and that are char-
acterized by the expression of the integrin CD11c (Merad, Sathe, 
Helft, Miller, & Mortha, 2013). Migratory DCs (mDCs) are a class of 
DCs that have the ability to migrate from tissues to secondary lym-
phoid	organs	such	as	 lymph	nodes	 (LNs)	 (Worbs,	Hammerschmidt,	
& Forster, 2017). mDCs are the predominant class of DCs in the 
skin.	They	constitutively	migrate	from	the	skin	to	the	local	LN	and	
increase their migration during infection. Because they are mature, 
migrant	mDCs	can	be	distinguished	from	other	DCs	in	LNs	by	high	
levels of expression of major histocompatibility (MHC) class II (MHC 
II) molecules at the cell surface (MHC IIhi) (Miller et al., 2012). Skin 
mDCs are best known for their ability to present antigens to T-cells 
in	 the	dLN	 in	various	models	of	 infection,	 immunization,	 and	con-
tact	hypersensitivity	(Bollampalli	et	al.,	2015;	Bouteau	et	al.,	2019;	
Kaplan,	Jenison,	Saeland,	Shlomchik,	&	Shlomchik,	2005).	However,	
they can also play an important role at initiating the innate immune 
response	cascade	in	the	dLN	(Wong	et	al.,	2018).
It is known that the functionality of DCs, including mDCs, can de-
crease with age. For example in aged mice, defects in conventional DCs 
can	negatively	 affect	 anti-tumor	NK	and	T-cell	 responses	 (Grolleau-




humans, the numbers of various DC types are reduced with age (Della 
Bella	et	al.,	2007;	Gupta,	2014),	and	monocyte-derived	dendritic	cells	
display	poor	antigen	uptake	(Agrawal	et	al.,	2007).	Moreover,	in	both	
mice	 and	 humans,	 aging	 results	 in	 reduced	 numbers	 of	 Langerhans	
cells (a type of mDC) in the skin, and impaired migration (Cumberbatch, 
Dearman, & Kimber, 2002; Pilkington et al., 2018).
Ectromelia virus (ECTV) is an Orthopoxvirus and a natural patho-
gen of the mouse which naturally enters the body through the skin, 
most frequently of the footpad. Footpad infection with ECTV causes 
a lethal disease known as mousepox in susceptible strains of mice 
such	as	BALB/c,	but	not	in	mousepox-resistant	mice,	such	as	young	
C57BL/6	 (B6)	 (Wallace,	 Buller,	&	Morse,	 1985).	 In	 both,	 suscepti-
ble and resistant mouse strains, ECTV spreads lymphohematoge-
nously	from	the	footpad	to	the	local	popliteal	draining	LN	(dLN)	and	
then the blood, eventually infecting the liver and spleen (Esteban & 
Buller,	2005;	Sigal,	2016).	Resistant	mice	survive	because	compared	
to susceptible mice, they control better the systemic spread of the 
virus	from	the	dLN	and	also	viral	replication	in	spleen	and	liver.
While	 the	 dLN	 is	 largely	 thought	 of	 as	 the	 site	 where	 T-cell	
priming occurs (Hickman et al., 2008), it also serves as a site where 
innate immune mechanisms prevent lymphohematogenous viral 
dissemination. In a series of papers, we have previously shown an 
intricate network of collaborative innate immune responses within 
the	dLN	that	lead	to	the	control	and,	ultimately,	resolution	of	ECTV	
infection in young B6 mice (Fang, Roscoe, & Sigal, 2010; Wong 
et	al.,	2018;	Xu	et	al.,	2015).	Within	this	inflammatory	network,	skin	
mDCs (CD11c+ MHC IIhi), play a central organizing role. Specifically, 
we showed that soon after ECTV infection in the footpad, CD11c+ 
MHC IIhi mDCs increase their migration from the skin of the foot-
pad	to	 the	dLN.	Once	 in	 the	dLN,	 infected	and	uninfected	mDCs	
produce	 a	 variety	 of	 inflammatory	 mediators.	 Among	 these,	 the	
chemokines	CCL2	and	CCL7	recruit	inflammatory	monocytes	from	
the	blood	 into	 the	dLN	 (Wong	et	 al.,	 2018).	 In	 the	dLN,	 infected	
mDCs	also	upregulate	ligands	for	NKG2D,	such	as	MULT1,	to	pre-
dominantly induce the production of interferon gamma (IFN-γ) in 
NK	cells	and	in	some	of	the	few	innate	lymphoid	cells	1	(ILC1)	al-
ready	present	 in	 the	dLN	 (Wong	et	 al.,	 2018).	Together,	NK	cells	
and	ILC1	constitute	the	Group-1	Innate	Lymphoid	Cells	 (G1-ILCs),	
which are characterized by their ability to produce IFN-γ and their 
expression	of	NK1.1	and	NKp46.	The	IFN-γ	produced	by	G1-ILCs	
activates the uninfected newly arrived iMOs which, in response, 
produce	 the	 chemokine	 CXCL9	 to	 recruit	 circulating	 mature	 NK	
cells	into	the	dLN	(Wong	et	al.,	2018).	These	incoming	NK	cells	have	
a	critical	role	at	curbing	systemic	virus	spread	from	the	dLN	(Fang	
et al., 2010). Of note, once they get infected, iMOs do not produce 
CXCL9	but	become	the	major	producers	of	Type	I	interferon	(IFN-
I), which is also critical for the control of virus spread and resis-
tance to mousepox (Jacoby, Bhatt, & Brownstein, 1989; Karupiah, 
Fredrickson,	Holmes,	 Khairallah,	&	Buller,	 1993;	 Xu	 et	 al.,	 2015).	
Induction of IFN-I in iMOs requires their infection. Notably, disrup-
tion	of	mDC	migration	to	 the	dLN	 impairs	 the	recruitment	of	NK	
cells and iMOs and results in susceptibility to mousepox (Wong, 
Montoya, Stotesbury, et al., 2019; Wong et al., 2018).
B6	mice	older	than	16	months	fail	to	recruit	NK	cells	to	the	dLN	and	
are	highly	susceptible	to	mousepox	(Fang	et	al.,	2010;	Fenner,	1949;	
Wallace	 et	 al.,	 1985),	mimicking	 the	 increased	 susceptibility	 to	viral	
infections observed in the elderly. The deficient NK cell migration 
to	 the	dLN	 in	aged	mice	 is	partly	 intrinsic,	as	 their	numbers	are	de-
creased in the circulation and have an immature phenotype in multiple 
tissues when compared to NK cells in young mice (Beli et al., 2011; 
Nair,	 Fang,	&	Sigal,	 2015;	 Shehata,	Hoebe,	&	Chougnet,	 2015).	Yet,	
adoptive transfer of NK cells from young mice only partially restores 
resistance to mousepox in aged B6 mice (Fang et al., 2010), suggesting 
other	mechanisms	contribute	to	the	loss	of	resistance.	Given	the	criti-
cal	role	of	mDCs,	G1-ILC,	and	iMOs	in	resistance	to	mousepox	(Wong,	
Montoya, Stotesbury, et al., 2019; Wong et al., 2018), we sought to 
investigate their role in age-related susceptibility to viral disease.
2  | RESULTS
2.1 | Migratory dendritic cells are equally present 
in the footpad of naïve young and aged mice, but fail 
to accumulate in the dLN of aged mice during ECTV 
infection
Using mice transgenic for photoactivatable green fluorescent pro-
tein, we have recently demonstrated that following footpad infection 
     |  3 of 12STOTESBURY ET al.
F I G U R E  1  Migratory	dendritic	cells	are	present	in	the	naïve	footpad	of	aged	mice	at	similar	frequency,	but	fail	to	accumulate	in	the	dLN	
during ECTV infection. mDCs in the footpad of naïve young and aged mice were analyzed. (a) Representative flow cytometry plots indicating 
the	gating	strategy.	(b)	Number	of	CD45+	cells/25	mm2 displayed as mean ± SEM of individual mice. (c) Number of mDCs (CD19- MHCII+ 
CD11chi)/25	mm2 displayed as mean ± SEM of individual mice. Data correspond to two independent experiments combined with a total 
of	10–15	mice/group.	(d)	Representative	flow	cytometry	plots	showing	the	gating	of	mDCs	(CD4- CD8- CD11c+ MHCIIhi)	in	the	ndLN	and	
dLN	of	mice	young	and	aged	mice	at	48	postinoculation	with	50	µg	CpG.	(e)	Total	number	of	mDCs	as	mean	±	SEM	in	the	ndLN	and	dLN	of	
individual	aged	and	young	mice	at	48	hr	postinoculation	with	50	µg	CpG	in	the	footpad.	Data	correspond	to	three	independent	experiments	
combined	with	a	total	of	6–9	mice/group.	(f)	Representative	flow	cytometry	plots	for	the	gating	of	mDCs	(CD4- CD8- CD11c+ MHCIIhi) in the 
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with ECTV, CD11c+ MHC IIhi mDCs migrate from the footpad to 
the	dLN	to	coordinate	the	recruitment	of	iMOs	and	NK	cells	to	the	
dLN	 (Wong,	Montoya,	Stotesbury,	et	al.,	2019;	Wong	et	al.,	2018;	
Xu	et	 al.,	 2015).	 To	 continue	elucidating	 the	mechanisms	underly-
ing age-related susceptibility to mousepox, we used flow cytometry 
(gating strategy shown in (Figure 1a) to examine differences in mDCs 
within the skin of the footpad in naïve young and aged B6 mice. 
Results showed that young and aged mice had similar numbers of 
hematopoietic	(CD45+) cells (Figure 1b) and mDCs, which in the skin 
are identified as (CD19- CD11chi MHC II+ (Figure 1c).
We	next	 focused	our	 attention	onto	 the	 dLN.	 It	 is	 known	 that	
mDCs constitutively migrate in low numbers from the skin to the 
local	LNs,	 and	 increase	 their	migration	after	an	 inflammatory	 stim-
ulus	 (Stoitzner,	 Tripp,	 Douillard,	 Saeland,	 &	 Romani,	 2005;	Wong,	
Montoya, Stotesbury, et al., 2019). To test whether aging may affect 
mDC	accumulation	 in	 the	dLN	after	 a	non-infectious	 inflammatory	
stimulus, we inoculated young and aged mice in the left footpad with 
the	TLR9	agonist	CpG	and	compared	the	number	of	mDCs	in	the	left	
popliteal	dLN	and	the	contralateral	(right)	popliteal	non-draining	LN	
(ndLN)	 at	 48	 hr	 postinoculation.	While	 aged	mice	 had	 an	 increase	
in	 the	 frequency	of	mDCs	 in	 the	dLNs	and	ndLNs	 (gating	strategy,	
Figure	1d),	this	was	due	to	a	decrease	in	other	LN	populations,	be-





response to infection in the left footpad with ECTV expressing the 
red fluorescent protein dsRed (ECTV-dsRed, an ECTV recombinant 
that	is	as	virulent	as	WT	ECTV	(Roscoe,	Xu,	&	Sigal,	2012).	As	above,	
aged mice had increased frequencies but similar absolute numbers of 
mDCs	in	their	ndLNs	(right	popliteal	LN)	(gating	strategy,	Figure	1f–
h) confirming similar constitutive migration. However, while as ex-
pected (Wong, Montoya, Stotesbury, et al., 2019), the number of 
mDCs	 increased	 significantly	 in	 the	 dLNs	 of	young	mice	 at	 24	 hpi	
(Figure	1g)	and	48	hpi	(Figure	1h),	these	increases	were	not	observed	
in aged mice, suggesting early defective migration of mDCs to the 
dLN	of	aged	mice	in	response	to	virulent	ECTV	infection.
2.2 | Impaired early production of IFN-γ by Group 1 
ILCs in response to ECTV infection in aged mice
Having	 found	defective	accumulation	of	mDCs	 in	 the	dLN	of	aged	
mice in response to WT ECTV infection, we investigated whether 
downstream	 innate	 immune	mechanisms	 in	 the	dLN	were	also	dis-
rupted.	 quantitative	PCR	of	 reverse-transcribed	RNA	 (RT-qPCR)	 of	
whole	dLNs	at	24	hpi	with	WT	ECTV	showed	that	 Ifng	mRNA	was	
lower	 in	 the	 dLN	 of	 aged	 than	 young	mice	 (Figure	 2a).	Moreover,	
by	 flow	 cytometry,	 fewer	 G1-ILCs	 (NK1.1+ TCRβ-), most of which 
are NK cells (Wong et al., 2018), produced IFN-γ	in	the	dLN	of	aged	
compared to young mice (Figure 2b–c). These data demonstrate very 
early	defects	in	the	activation	of	dLN	G1-ILCs	in	aged	mice.	Of	note,	
while IFN-γ	produced	by	G1-ILCs	 is	 important	for	the	activation	of	
iMOs	to	recruit	NK	cells	to	the	dLN	(Wong	et	al.,	2018),	IFN-γ can 
also directly inhibit viral replication in infected cells (Boehm, Klamp, 
Groot,	&	Howard,	1997).	Consistent	with	this,	viral	transcripts	in	the	
dLN	of	aged	mice	at	24	hpi	were	increased	(Figure	2d).	This	was	likely	
due to the lower levels of IFN-γ,	 because	 the	 dLN	 of	 young	mice	
treated with IFN-γ	blocking	antibody	24	hr	before	infection	had	lev-
els	of	viral	 transcripts	 at	24	hpi	 that	were	 similar	 to	 those	 in	 aged	
mice and significantly higher than in PBS-treated control young mice 
(Figure 2e).
We	have	previously	shown	that	 infected	mDCs	 in	 the	dLN	of	
young	mice	upregulate	the	NKG2D	ligands	Rae1	and	MULT1	to	in-
duce IFN-γ	in	G1-ILCs	through	NKG2D.	This	was	detected	as	Rae1 
transcripts	 in	 sorted	 total	mDCs	 at	 24	 hpi,	when	 the	 number	 of	
infected	mDCs	in	the	dLN	is	still	too	low	for	reliable	flow	cytome-
try analysis; as Rae1	transcripts	at	48	hpi	in	sorted	infected	(GFP+) 
mDCs in mice infected with ECTV expressing green fluorescent 
protein	(ECTV-GFP);	and	as	surface	expression	of	MULT1	protein	
at	48	hpi	in	infected	mDCs	(DsRed+) in mice infected with ECTV-
DsRed (Wong et al., 2018). Consistent with those results, we were 
unable to detect dsRed+	mDCs	in	the	dLN	of	young	or	aged	mice	at	
24	hpi	with	ECTV-dsRed	(not	shown)	so	we	were	not	able	to	deter-
mine	NKG2D	ligand	expression	at	this	time.	However,	at	48	hpi	and	
despite the lower number of mDCs (Figure 1h), aged mice had sig-
nificantly higher frequency and similar absolute numbers of dsRed+ 
mDCs	in	the	dLN	when	compared	to	young	mice	(Figure	2f–g).	This	
allowed	 us	 to	 determine	 MULT1	 expression	 by	 flow	 cytometry.	
Notably,	we	found	that	mDCs	upregulated	MULT1	to	similar	levels	
in aged and young mice (Figure 2h–i) indicating that the infected 
mDCs	of	aged	mice	do	not	have	defective	NKG2D	ligand	upregula-
tion. These data strongly suggest that the lack of IFN-γ production 
by	G1-ILCs	at	24	hpi	in	the	dLNs	of	aged	mice	is	due	to	the	absence	




2.3 | Decreased recruitment of iMOs to the dLN of 
aged mice in response to ECTV infection
We	 have	 shown	 that	 mDCs	 produce	 CCL2	 and	 CCL7	 to	 recruit	
iMO	 to	 the	 dLN	 (Wong	 et	 al.,	 2018;	Wong,	Montoya,	 Stotesbury,	




(Figure 3a,b). However, at 60 hpi, which is the peak of iMOs recruit-
ment	to	the	dLN	in	young	mice	(Xu	et	al.,	2015),	the	relative	quanti-
ties of Ccl2 and Ccl7	transcripts	in	the	dLN	of	young	and	aged	mice	
were similar (Figure 3c–d) while the virus loads, measured as viral 




ratio (Figure 3h). Thus, while expression levels of Ccl2 and Ccl7 at 
60 hpi were similar, the absence of Ccl2 and Ccl7	at	24	hpi	and	de-
creased	iMO	recruitment	at	60	hpi	in	the	dLNs	of	aged	mice	suggest	
F I G U R E  2   Impaired early production of IFN-γ	by	Group	1	ILCs	in	response	to	ECTV	infection	in	aged	mice.	(a)	Expression	of	Ifng in the 
ndLN	and	dLN	of	young	and	aged	mice	determined	by	RT-qPCR	at	24	hpi	with	3,000	pfu	WT	ECTV.	Data	shown	as	mean	±	SEM of individual 
mice and correspond to four independent experiments combined with a total of 13–18 mice/group. (b) Representative flow cytometry 
plots of IFN-γ	production	by	G1-ILCs	(NK1.1+ TCRβ-)	at	24	hpi	with	3,000	pfu	of	WT	ECTV	in	the	ndLN	and	dLN	of	aged	and	young	mice.	
(c) Frequencies of IFN-γ+	G1-ILCs	in	the	ndLN	and	dLN	of	young	and	aged	mice	determined	by	flow	cytometry	at	24	hpi	with	3,000	pfu	WT	
ECTV. Data correspond to the mean ± SEM	of	individual	mice	and	to	four	independent	experiments	combined	with	a	total	of	14–21	mice/
group. (d) Expression of the viral gene Evm003	determined	by	RT-qPCR	in	the	ndLN	and	dLN	of	aged	and	young	mice	at	24	hpi	with	3,000	
pfu WT ECTV. Data shown as mean ± SEM correspond to four independent experiments combined with a total of 13–18 mice/group (e) 
Aged	and	young	mice	were	injected	intraperitoneally	with	100	μg mouse IFN-γ	blocking	monoclonal	antibody	24	hr	prior	to	infection	with	
3,000 pfu WT ECTV. Data show mean ± SEM relative expression of viral gene Evm003	in	the	ndLN	and	dLN	of	individual	mice	determined	
by	RT-qPCR	at	24	hpi.	Data	correspond	to	three	independent	experiments	combined	with	a	total	of	10–13	mice/group.	(f)	Representative	
flow	cytometry	plots	of	MULT1	expression	by	ECTV-dsRed- or ECTV-dsRed+ mDCs (CD11c+ MHC IIhi)	in	the	dLN	of	aged	and	young	mice	at	
48	hpi	with	3,000	pfu	ECTV-dsRed.	(g)	MFI	of	MULT1	on	ECTV-dsRed- or ECTV-dsRed+ on total mDCs (CD11c+ MHC IIhi). MFI is shown as 
mean ± SEM.	Data	correspond	to	three	independent	experiments	combined	with	a	total	of	13–14	mice/group.	For	all,	*p	<	.05;	**p	<	.0;	 

































































































































































































































































(f) (g) (h) (i)
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that aged mice suffer a delayed rather than absent innate immune 
response	 in	 the	 dLN,	 and/or	 that	 aged	mice	 require	 much	 higher	
virus loads than young ones to fully activate their innate immune 
response.
2.4 | Decreased production of CXCL9 by iMOs 
in the dLN of aged mice in response to ECTV
Upon	 recruitment	 to	 the	 dLN,	 iMOs	 become	 functionally	 diver-





distinguish infected and uninfected iMOs, we infected mice with 
ECTV-GFP	and	analyzed	their	dLNs	by	flow	cytometry	at	60	hpi	
(gating	strategy	depicted	in	Figure	4a).	Compared	to	young	mice,	
a significantly lower proportion of iMOs remained uninfected, the 
frequency	of	uninfected	 iMOs	that	produced	CXCL9	was	signifi-
cantly	 reduced,	 and	 fewer	 uninfected	 iMOs	 produced	CXCL9	 in	
the	dLN	of	aged	mice	(Figure	4b–d).	Expression	of	the	interferon	
type I (IFN-I) gene Ifnb1 was similar while Ifna4 and Ifna non4 (tran-
scripts for all IFN-α genes except IFN-α4)	were	 increased	 in	 the	
dLN	of	aged	mice	(Figure	4e–g).	This	increase	in	the	expression	of	
IFN-α transcripts was likely due to the increased virus loads in the 
dLN	of	aged	mice.
2.5 | Defective anti-viral innate immune responses 
in the dLN of aged mice are independent of viral 
virulence and lethality
To	test	whether	the	dysfunctional	anti-viral	response	in	the	dLN	of	
aged mice was due to ECTV virulence or a general disability of aged 
innate immunity to rapidly respond to viral infection, we infected mice 
with ECTVΔ166, a mutant ECTV that lacks an IFN-I decoy receptor 
and is at least 107-fold less virulent than WT ECTV (Xu et al., 2008). 
When	compared	 to	 the	dLN	of	young	mice,	 the	dLN	of	aged	mice	
infected with ECTVΔ166 had decreased upregulation of Ccl2, Ccl7, 
and Ifng	at	24	hpi	(Figure	5a–c),	and	at	60	hpi,	 increased	viral	tran-
scripts, decreased upregulation of Cxcl9, and reduced accumulation 
F I G U R E  3  Decreased	recruitment	of	iMOs	to	the	dLN	of	aged	mice	in	response	to	ECTV	infection.	(a–b)	Expression	of	Ccl2 (a) and Ccl7 
(b)	in	the	ndLN	and	dLN	of	aged	and	young	mice	determined	by	RT-qPCR	at	24	hpi	with	3,000	pfu	WT	ECTV.	Data	shown	as	mean	±	SEM 





flow cytometry plots from aged (n = 3) and young mice (n	=	4)	depicting	the	presence	of	iMOs	(CD11b+	GR-1+	Ly6C+)	in	the	ndLN	and	dLNs	
of	aged	and	young	mice	at	60	hpi	with	3,000	pfu	of	ECTV-GFP.	(g-h)	Total	numbers	of	iMOs	in	the	ndLN	and	dLN	(e)	and	dLN/ndLN	iMOs	
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of mDCs, iMOs, and NK1.1+	cells	(Figure	5d–h).	Yet,	while	aged	mice	
succumbed to WT ECTV, they survived ECTVΔ166	(Figure	5i)	with-
out signs of disease, indicating that a fast innate immune response 
in	 the	dLN	 is	 important	 for	 resistance	to	virulent	but	not	 to	highly	
attenuated ECTV.
3  | DISCUSSION
Our previous work with ECTV led to the identification of molecu-
lar and cellular mechanisms responsible for the control of lympho-
hematogenous viral spread and corresponding protective immune 
responses. Briefly, we have previously identified an indispensa-
ble innate immune cascade against ECTV, whereby mDCs migrate 
to	the	dLN	as	early	as	24	hpi,	to	recruit	 iMOs	via	CCL2/CCL7,	and	
upregulate	NKG2D	 ligands	 to	 induce	 IFN-γ	 expression	 in	G1-ILCs	
(mostly	NK	cells	present	 in	 the	LN	at	 steady	state).	Newly	arrived	
uninfected iMOs sense this IFN-γ	and	produce	CXCL9	to	recruit	NK	
cells,	while	those	iMOs	that	get	infected	iMOs	lose	CXCL9	expres-
sion but become major producers of IFN-I (Wong et al., 2018; Wong, 
Montoya,	Stotesbury,	et	al.,	2019;	Xu	et	al.,	2015).	In	this	study,	we	
demonstrate that aged mice exhibit multiple defects within this im-
mune cascade most likely triggered by defective mDC migration. We 





and	 48	 hpi	 was	 impaired.	While	 our	 experiments	 do	 not	 directly	
analyze migration, our data suggest that the defective accumula-
tion	of	mDCs	in	the	dLN	of	aged	mice	is	due	to	defective	migration,	
because we have shown that following ECTV infection, the kinetics 
of	migration	of	mDCs	from	the	 footpad	to	 the	dLN	 in	young	mice	
closely matches the kinetics of their accumulation (Wong, Montoya, 
Stotesbury,	et	al.,	2019).	Yet,	while	we	have	not	found	major	differ-
ences in cell death using a viability marker (not shown) it still remains 
possible that viral infection causes increased death of mDCs in aged 
mice, and this could be partly responsible for the reduced accumula-
tion	of	mDCs	in	the	dLN	that	we	observed.
Previous studies have shown that aged macrophages and DCs 
have	an	impaired	response	to	TLR	stimulus	(Renshaw	et	al.,	2002;	
Stout-Delgado,	Yang,	Walker,	Tesar,	&	Goldstein,	2008).	It	is	known	
that	 TLR9/MyD88	 signaling	 is	 required	 for	 resistance	 against	
ECTV (Rubio et al., 2013; Sutherland et al., 2011). Moreover, we 
have	 shown	 that	 TLR9/MyD88	 in	 mDCs	 is	 required	 to	 recruit	
iMOs	to	the	dLN	(Xu	et	al.,	2015).	Here	we	demonstrate	that	the	
accumulation	 of	 mDCs	 in	 the	 dLN	 induced	 by	 a	 non-infectious	
TLR9	agonist	remains	intact	in	aged	mice.	Yet,	infection	with	WT	
ECTV or ECTV lacking a critical IFN-I decoy receptor failed to in-
duce	mDC	accumulation	in	the	dLN	of	aged	mice,	suggesting	that	





of individual mice. Data correspond to four individual experiments combined with a total of 19–23 mice/group. (e-g) Expression of Ifna4 (e), 
Ifna- non4 (f), and Ifnb	(g)	in	the	ndLN	and	dLN	of	aged	and	young	mice	determined	by	RT-qPCR	at	60	hpi	with	3,000	pfu	WT	ECTV.	Data	
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unknown changes in the skin as a result of aging, perhaps com-
bined with ECTV immune evasion strategies other than IFN-I, 
prevent the proper migration of mDC in response to infection in 
aged but not in young mice. In this regard, in addition to the IFN-I 
decoy receptor, ECTV encodes several cytokine and chemokine 
decoys (Sigal, 2016). It is possible that the skin of aged mice pro-
duces smaller amounts of a cytokine that is targeted by the virus, 
which is necessary for mDC migration. In addition, ECTV encodes 
a MyD88 inhibitor, and its effects could be greater in aged than in 
young mice. Future research should look into these issues.
It has been shown that conventional aged DCs fail to activate 
NK	cells	in	a	tumor	model,	leading	to	poor	killing	of	tumor	cells	(Guo,	
Tilburgs,	Wong,	 &	 Strominger,	 2014a,	 2014b).	We	 have	 previously	
shown that following ECTV infection of young mice, a small but 
F I G U R E  5  Defective	anti-viral	innate	immune	responses	in	the	dLN	of	aged	mice	are	independent	of	viral	virulence	and	lethality.	(a–c)	
Expression	of	mRNA	for	CCl2 (a), Ccl7 (b), and Ifng	(c)	in	the	dLN	of	aged	and	young	mice	as	determined	by	RT-qPCR	in	individual	mice	
at	24	hpi	with	3,000	pfu	ECTV-Δ166. Data shown as mean ± SEM of individual mice. Data correspond to two independent experiments 
combined with a total of 6–9 mice/group. (d) Relative expression of viral gene Evm003	was	determined	by	RT-qPCR	in	the	ndLN	and	dLN	
of young and aged mice at 60 hpi with 3,000 pfu ECTV Δ166. Data are shown as mean ± SEM of individual mice and correspond to three 
independent experiments combined with a total of 6–9 mice/group. (e) Expression of Cxcl9	mRNA	was	determined	by	RT-qPCR	in	the	ndLN	
and	dLN	of	aged	and	young	mice	at	60	hpi	with	3,000	pfu	ECTV-Δ166. Data shown as mean ± SEM of individual mice. Data correspond 
to	two	independent	experiments	combined	with	a	total	of	6–9	mice/group.	(f)	Total	mDCs	were	determined	in	the	ndLNs	and	dLNs	of	the	
indicated mice at 60 hpi with 3,000 pfu of ECTV-Δ166. Data shown as mean ± SEM of individual mice. Data correspond to four independent 
experiments	combined	with	a	total	of	6–15	mice/group.	(g)	Total	numbers	of	iMOs	(CD11b+	GR-1+	Ly6C+)	in	the	ndLN	and	dLN	of	aged	
and	young	mice	at	60	hpi	with	3,000	pfu	ECTV-GFP	or	ECTV-Δ166. Data shown as mean ± SEM of individual mice. Data correspond to 
four	independent	experiments	combined	with	a	total	of	8–18	mice/group.	(h)	Total	number	of	NK	cells	in	the	ndLN	and	dLN	of	aged	and	
young	mice	at	60	hpi	with	3,000	pfu	ECTV-GFP	or	ECTV-Δ166. Data shown as mean ± SEM of individual mice. Data correspond to four 
independent	experiments	combined	with	a	total	of	8–18	mice/group	(i)	The	indicated	mice	were	infected	with	3,000	pfu	ECTV-GFP	or	ECTV	
Δ166	in	the	footpad.	Survival	was	monitored.	Data	are	displayed	as	a	combination	of	two	independent	experiments	with	a	total	of	5–10	
























































































































































































































































































ECTV WT n = 10
ECTV WT n = 8
ECTVΔ166 n = 7
ECTVΔ166 n = 5 **** ***













increased and that infected but not uninfected mDCs upregulate the 
NKG2D	ligand	MULT1	at	the	cell	surface	(Wong,	Montoya,	Stotesbury,	




infection	 resulting	 in	 roughly	 similar	 numbers	 of	MULT1+ cells. The 
lack	of	accumulation	of	mDCs	in	the	dLN	of	aged	mice	at	24	hpi	can	
explain	the	significant	reduction	of	CCL2/7	expression	in	the	dLN	at	
this time with a consequent reduction of iMOs recruitment at 60 hpi. 
Similarly,	deficient	accumulation	of	mDCs	at	24	hpi	and	the	resulting	
unavailability	of	mDCs	expressing	NKG2D	ligands	in	the	dLN	can	also	
explain the absence of IFN-γ	expression	by	G1-ILCs	at	24	hpi	and	the	
consequent	decrease	of	CXCL9	expression	by	uninfected	 iMOs.	Yet,	
an	intrinsic	defect	in	G1-ILCs	cannot	be	disregarded	as	we	and	others	
have	shown	 intrinsic	NK	cell	defects	 in	aged	mice	 (Beli	et	al.,	2014;	
Fang	 et	 al.,	 2010;	Nair	 et	 al.,	 2015).	Notably,	 the	 decrease	 in	mDC	
accumulation, IFN-γ	 production,	 iMOs	 recruitment,	 CXCL9	 expres-
sion, and NK cell migration was independent of viral pathogenicity, 
as infection with attenuated ECTV failed to restore these processes. 
Interestingly, even in the absence of this innate immune cascade, aged 





et al., 2019). Here we show that aged mice recruit considerably fewer 
iMOs	to	the	dLN.	It	is	known	that	the	frequency	and	numbers	of	circu-
lating monocytes are unchanged in aged humans but increased in aged 
mice (Puchta et al., 2016). Therefore, the decrease in iMO recruitment 
to	the	dLN	is	most	likely	due	to	reduced	CCL2/7	chemotactic	signals.	
CXCL9	production	by	uninfected	iMOs	was	significantly	reduced	which	
was most likely the result of impaired production of IFN-γ	by	G1-ILCs	
and increased frequency of infected iMOs. On the other hand, IFN-I pro-
duction appears to be intact in aged mice. Indeed, the overall expression 
of	IFN-I	in	the	dLN	of	aged	mice	was	higher	than	in	young	mice,	which	
could be due to the increased frequency of infected iMOs, and the in-
crease in viral loads due to deficient production of IFN-γ	by	G1-ILC.
As	we	have	shown	previously,	NK	cells	fail	to	migrate	to	the	dLN	during	
ECTVΔ166 infection (Fang et al., 2010). Here we show that also mDCs fail 
to	accumulate	in	the	dLN	during	ECTVΔ166 infection which, similar to a 
virulent ECTV infection, results in absent Ifng upregulation and, likely as a 
consequence,	reduced	number	of	CXCL9-producing	iMOs.	Notably	aged	
mice infected with ECTVΔ166 survived despite this disruption of the in-
nate immune cascade. Resistance to ECTVΔ166 challenge was most likely 
due to unabated IFN-I production and sensing, culminating in the induc-
tion of a virus-specific CD8 T-cell response (Fang et al., 2010).
Our	data	suggest	a	delay	in	the	first	24	hr	of	the	immune	response	
against	ECTV.	An	 interesting	 avenue	 to	pursue	would	be	 to	deter-
mine	whether	treating	aged	mice	with	CpG	or	IFN-γ prior to or during 
active infection could promote survival to virulent ECTV. However, 
the mechanisms by which these treatments could protect aged mice 
is unpredictable, and its elucidation would require substantive work. 
For example, IFN-γ supplementation could restore iMO activation, 
but could also rapidly decrease viral replication and preclude or di-
minish	the	innate	responses	in	the	dLN.	Similarly,	by	curbing	viral	rep-
lication	in	the	footpad,	administration	of	CpG	prior	to	ECTV	infection	
may protect from lethality but, by drastically reducing virus loads, 
could	result	in	decreased	responses	to	ECTV	in	the	dLN	as	we	have	
previously	observed	in	cGAS	deficient	mice	treated	with	the	STING	
ligand	 cGAMP	 (Wong,	Montoya,	 Ferez,	 Stotesbury,	 &	 Sigal,	 2019).	
Thus, while pathogen-associated molecular patterns have immense 
potential as anti-viral treatments for the aged, extensive studies 
would be required to determine their mechanism of action.
In	summary,	aging	impairs	mDC	accumulation	in	the	dLN	during	
virulent or attenuated viral infection, leading to decreased IFN-γ 
production	 by	 G1-ILCs	 and	 impaired	 CXCL9	 expression	 by	 unin-
fected	iMOs,	culminating	in	reduced	NK	cell	recruitment	to	the	dLN.	
Notably, the IFN-I response of aged mice appears to compensate 
for ablated NK cell recruitment because aged mice survived ECTV 
Δ166 infection. Whether similar innate immune deficiencies of the 
age also apply to other tissues, such as DC, Imo, and NK cell migra-
tion	to	and	function	in	the	lung	during	SARS-CoV-2	infection,	should	
be explored as a possible explanation for the increased susceptibility 
of the elderly to COVID-19.






Thomas	 Jefferson	 University's	 Institutional	 Animal	 Care	 and	 Use	
Committee.	All	young	mice	used	 in	experiments	were	6–12	weeks	
old and all aged mice were 18–20 months old. Both males and fe-




Ectromelia	virus	 (ECTV)-Moscow	 strain	 (ATCC	VR-1374),	 ECTV-GFP,	
ECTV-dsRED, and ECTVΔ166 were propagated in tissue culture as 
previously described (Xu et al., 2008). Mice were infected in the foot-
pad with 3,000 plaque-forming units (pfu) ECTV as indicated. For the 
determination of survival, mice were monitored daily and, to avoid un-
necessary suffering, mice were euthanized and counted as dead when 
imminent death was certain as determined by lack of activity and unre-
sponsiveness to touch. Euthanasia was according to the 2013 edition 
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of	the	AVMA	Guideline	for	the	Euthanasia	of	Animals.	For	virus	titers,	
the	entire	spleen	or	portions	of	 the	 liver	were	homogenized	 in	2.5%	
FBS	RPMI	 (Corning)	using	a	Tissue	Lyser	 (QIAGEN).	Virus	titers	were	
determined on BSC-1 cells as previously described (Xu et al., 2008).
4.3 | Cell isolation
Mice were euthanized by cervical dislocation. Single-cell suspen-




tion process, followed by mechanical disruption of the tissue with 
21 gauge needles (BD) and 1 ml syringes (BD) and then filtered 
through a 70-μm mesh. For skin, the footpads of mice were skinned 




to halt the digestion process. Samples were then filtered through a 
70-μm filter.
4.4 | Flow cytometry
To	 determine	 cellular	 responses	 in	 the	 LNs,	 intact	 LNs	were	 incu-
bated	at	37°C	for	1	hr	in	media	containing	10	µg/ml	brefeldin	A	and	
then made into single cell suspensions. The cells were then stained 
for cell surface molecules, fixed, permeabilized, and stained for in-
tracellular molecules using the Cytofix/Cytoperm kit (BD) according 
to	 the	 manufacturer's	 instructions.	 The	 following	 Abs	 were	 used:	




AF647-CXCL9	 (Clone	 MIG-2F5.5;	 Biolegend),	 Fitc-CD45	 (Clone	
30-F11;	 Biologend),	 Apc-Cy7/	 PerCP-Cy5.5-CD103	 (Clone	 2E7;	
Biolegend),	 APC/PE-CD207	 (4C7;	 Biolegend),	 Pacific	 Blue-GR-1	
(RB6-8C5;	 Biolegend),	 PE/Cy7/BV786-IFNγ	 (XMG1.2;	 Biolegend),	
Pacific	Blue/PerCP-Cy5.5-MHC	II	(Iab)	(Clone	AF6-120.1;	Biolegend),	
PerCP-MULT1	 (Clone	 237104:	 R&D	 Systems),	 APC/BV605-NK1.1	
(PK136;	 Biolegend),	 BV785-TCRβ	 (Clone	 H57-597;	 BD),	 and	 For	
analysis, samples were acquired using a BD Fortessa flow cytom-
eter (BD Biosciences), and data were analyzed with FlowJo software 
(TreeStar).
4.5 | IFN-γ neutralization
Experimental	 mice	 were	 injected	 with	 100µg	 of	 α-mouse IFN-γ 
(Clone	H22;	BioXcell)	intraperitoneally	24	hr	prior	to	infection	with	
WT ECTV.
4.6 | RNA preparation and RT-qPCR
Total	 RNA	 from	 LNs	 was	 obtained	 with	 the	 RNeasy	 Mini	 Kit	
(QIAGEN)	as	previously	described	(Rubio	et	al.,	2013;	Xu	et	al.,	2015).	
First-strand	 cDNA	 was	 synthesized	 with	 High	 Capacity	 cDNA	
Reverse	 Transcription	Kit	 (Life	 Technologies).	 For	Gapdh, Evm003, 
Ccl2, Ccl7, Ifng, Cxcl9, Ifna4, Ifnb1, and Ifna-non4 RT-qPCR was per-
formed	using	 iTaq	Universal	SYBR	Green	with	 the	 following	prim-
ers: Gapdh: tgtccgtcgtggatctgac and cctgcttcaccaccttcttg, Evm003: 
tctgtcctttaacagcatagatgtaga and tgttaactcggaagttgatatggta, Ccl2: 
catccacggttggctca and gatcatcttgctggtgaatgagt, Ccl7: ttgacatagcag-
catgtggat and ttctgtgcctgctgctcata, Ifng: ttcaagacttcaaagagtctgaggta 
and gcaaaaggatggtgacatga, Cxcl9: cttttcctcttgggcatcat and gcatcgt-
gcattccttatca, Ifna4: gtcttttgatgtgaagaggttcaa and tcaagccatcctt-
gtgctaa, Ifnb1: cacagccctctccatcaacta and catttccgaatgttcgtcct, 
Ifna-non4: aagctgtgtgatgcaacaggt and ggaacacagtgatcctgtgg. For 
genes	of	 interest,	RNA	 (ECTV)	 from	 the	 contralateral	 lymph	node	
(ndLN)	of	young	mice	infected	with	WT	ECTV	or	ECTV-Δ166 were 





Software Inc.) software. For survival studies, p-values were obtained 
with the log-rank (Mantel-Cox) test. For all other studies, p-values 
were determined using Mann–Whitney test, and when multiple 
groups	had	to	be	compared,	the	one-way	ANOVA	with	Tukey	correc-
tion for multiple comparisons. For statistical significance, * = p	<	.05;	








facilities at Sidney Kimmel Cancer Center at Jefferson Health and 
was supported by the National Cancer Institute of the National 
Institutes	of	Health	under	Award	Number	P30CA056036.
CONFLIC T OF INTERE S TS
The authors declare no conflict of interests.
AUTHORS'  CONTRIBUTIONS
Luis	 J.	 Sigal	 contributed	 to	 the	 conceptualization,	 analysis,	 admin-
istration, and supervision of the project, and the editing of the 
manuscript. Coby Stotesbury performed most of the experiments, 
analyzed results, and wrote the first draft of the manuscript. Eric B. 
Wong,	Lingjuan	Tang,	Brian	Montoya,	Cory	J.	Knudson,	and	Carolina	
     |  11 of 12STOTESBURY ET al.
Melo-Silva contributed with some experiments and/or preparation 
of essential reagents and analysis of results.
DATA AVAIL ABILIT Y S TATEMENT
This manuscript does not include large datasets.
ORCID
Colby Stotesbury  https://orcid.org/0000-0001-6080-0753 
Eric B. Wong  https://orcid.org/0000-0001-9018-2589 
Brian Montoya  https://orcid.org/0000-0002-1969-2911 
Cory J. Knudson  https://orcid.org/0000-0002-1229-7732 
Carolina R. Melo-Silva  https://orcid.org/0000-0002-0441-5452 
Luis J. Sigal  https://orcid.org/0000-0001-6642-5472 
R E FE R E N C E S
Agrawal,	A.,	Agrawal,	S.,	Cao,	J.	N.,	Su,	H.,	Osann,	K.,	&	Gupta,	S.	(2007).	
Altered	 innate	 immune	 functioning	of	dendritic	 cells	 in	elderly	hu-
mans:	 A	 role	 of	 phosphoinositide	 3-kinase-signaling	 pathway.	 The 
Journal of Immunology, 178(11),	6912–6922.	https://doi.org/10.4049/
jimmu nol.178.11.6912
Beli,	E.,	Clinthorne,	J.	F.,	Duriancik,	D.	M.,	Hwang,	I.,	Kim,	S.,	&	Gardner,	
E. M. (2011). Natural killer cell function is altered during the primary 
response of aged mice to influenza infection. Mechanisms of Ageing 
and Development, 132(10),	 503–510.	 https://doi.org/10.1016/j.
mad.2011.08.005
Beli,	 E.,	Duriancik,	D.	M.,	Clinthorne,	 J.	 F.,	 Lee,	 T.,	Kim,	 S.,	&	Gardner,	
E.	M.	(2014).	Natural	killer	cell	development	and	maturation	in	aged	
mice. Mechanisms of Ageing and Development, 135,	 33–40.	 https://
doi.org/10.1016/j.mad.2013.11.007
Boehm,	 U.,	 Klamp,	 T.,	 Groot,	 M.,	 &	 Howard,	 J.	 C.	 (1997).	 Cellular	 re-




IL-1R-MyD88-dependent	migration	 of	 EpCAMlow	 CD11bhigh	 skin	
dendritic	 cells	 to	draining	 lymph	node	during	CD4+	T-cell	priming.	
PLoS Pathogens, 11(10),	 e1005206.	 https://doi.org/10.1371/journ	
al.ppat.1005206
Bouteau,	 A.,	 Kervevan,	 J.,	 Su,	 Q.,	 Zurawski,	 S.	 M.,	 Contreras,	 V.,	
Dereuddre-Bosquet, N., … Igyártó, B. Z. (2019). DC subsets regu-
late humoral immune responses by supporting the differentiation 
of distinct Tfh cells. Frontiers in Immunology, 10,	 1134.	 https://doi.
org/10.3389/fimmu.2019.01134
Brien,	J.	D.,	Uhrlaub,	J.	L.,	Hirsch,	A.,	Wiley,	C.	A.,	&	Nikolich-Zugich,	J.	
(2009). Key role of T cell defects in age-related vulnerability to West 
Nile virus. Journal of Experimental Medicine, 206(12),	 2735–2745.	
https://doi.org/10.1084/jem.20090222
Cumberbatch, M., Dearman, R. J., & Kimber, I. (2002). Influence of 
ageing	 on	 Langerhans	 cell	 migration	 in	 mice-	 identification	 of	 a	




are differently regulated in the elderly. Clinical Immunology, 122(2), 
220–228. https://doi.org/10.1016/j.clim.2006.09.012
Esteban,	D.	J.,	&	Buller,	R.	M.	L.	(2005).	Ectromelia	virus:	The	causative	
agent of mousepox. Journal of General Virology, 86(Pt	10),	2645–2659.	
https://doi.org/10.1099/vir.0.81090-0
Fang,	M.,	Roscoe,	F.,	&	Sigal,	L.	J.	 (2010).	Age-dependent	susceptibility	
to a viral disease due to decreased natural killer cell numbers and 
trafficking. Journal of Experimental Medicine, 207(11), 2369–2381. 
https://doi.org/10.1084/jem.20100282
Fenner,	 F.	 (1949).	Mouse-pox;	 infectious	 ectromelia	 of	mice;	 a	 review.	
The Journal of Immunology, 63(4),	341–373.
Frasca,	D.,	Diaz,	A.,	Romero,	M.,	&	Blomberg,	B.	B.	(2016).	The	generation	
of memory B cells is maintained, but the antibody response is not, in 
the elderly after repeated influenza immunizations. Vaccine, 34(25),	
2834–2840.	https://doi.org/10.1016/j.vacci	ne.2016.04.023
Grolleau-Julius,	A.,	Harning,	E.	K.,	Abernathy,	L.	M.,	&	Yung,	R.	L.	(2008).	
Impaired dendritic cell function in aging leads to defective antitu-
mor immunity. Cancer Research, 68(15),	 6341–6349.	 https://doi.
org/10.1158/0008-5472.CAN-07-5769
Guo,	Z.,	Tilburgs,	T.,	Wong,	B.,	&	Strominger,	J.	L.	(2014a).	Dysfunction	
of	 dendritic	 cells	 in	 aged	C57BL/6	mice	 leads	 to	 failure	 of	 natural	
killer cell activation and of tumor eradication. Proceedings of the 
National Academy of Sciences, 111(39),	 14199–14204.	 https://doi.
org/10.1073/pnas.14147	80111
Guo,	Z.,	Tilburgs,	T.,	Wong,	B.,	&	Strominger,	J.	L.	(2014b).	Dysfunction	
of	 dendritic	 cells	 in	 aged	C57BL/6	mice	 leads	 to	 failure	 of	 natural	
killer cell activation and of tumor eradication. Proceedings of the 
National Academy of Sciences USA, 111(39),	 14199–14204.	 https://
doi.org/10.1073/pnas.14147	80111
Gupta,	S.	(2014).	Role	of	dendritic	cells	in	innate	and	adaptive	immune	re-
sponse in human aging. Experimental Gerontology, 54,	47–52.	https://
doi.org/10.1016/j.exger.2013.12.009
Hao,	Y.,	O'Neill,	P.,	Naradikian,	M.	S.,	Scholz,	J.	L.,	&	Cancro,	M.	P.	(2011).	
A	 B-cell	 subset	 uniquely	 responsive	 to	 innate	 stimuli	 accumulates	
in aged mice. Blood, 118(5),	 1294–1304.	 https://doi.org/10.1182/
blood-2011-01-330530
Hickman, H. D., Takeda, K., Skon, C. N., Murray, F. R., Hensley, S. E., 
Loomis,	J.,	…	Yewdell,	J.	W.	(2008).	Direct	priming	of	antiviral	CD8+	
T cells in the peripheral interfollicular region of lymph nodes. Nature 
Immunology, 9(2),	155–165.	https://doi.org/10.1038/ni1557
Jacoby,	R.	O.,	Bhatt,	P.	N.,	&	Brownstein,	D.	G.	(1989).	Evidence	that	NK	
cells and interferon are required for genetic resistance to lethal infec-
tion with ectromelia virus. Archives of Virology, 108,	49–58.	https://
doi.org/10.1007/BF013	13742
Jiang, J., Fisher, E. M., & Murasko, D. M. (2011). CD8 T cell responses to 
influenza virus infection in aged mice. Ageing Research Reviews, 10(4),	
422–427.	https://doi.org/10.1016/j.arr.2011.02.001
Kaplan, D. H., Jenison, M. C., Saeland, S., Shlomchik, W. D., & Shlomchik, 
M.	 J.	 (2005).	 Epidermal	 langerhans	 cell-deficient	mice	 develop	 en-
hanced contact hypersensitivity. Immunity, 23(6), 611–620. https://
doi.org/10.1016/j.immuni.2005.10.008
Karupiah,	G.,	Fredrickson,	T.	N.,	Holmes,	K.	L.,	Khairallah,	L.	H.,	&	Buller,	
R. M. (1993). Importance of interferons in recovery from mouse-
pox. Journal of Virology, 67(7),	4214–4226.	https://doi.org/10.1128/
jvi.67.7.4214-4226.1993
Merad,	M.,	Sathe,	P.,	Helft,	J.,	Miller,	J.,	&	Mortha,	A.	 (2013).	The	den-
dritic cell lineage: Ontogeny and function of dendritic cells and their 
subsets in the steady state and the inflamed setting. Annual Review of 
Immunology, 31,	 563–604.	 https://doi.org/10.1146/annur	ev-immun	
ol-020711-074950
Miller,	 J.	 C.,	 Brown,	B.	D.,	 Shay,	 T.,	Gautier,	 E.	 L.,	 Jojic,	V.,	 Cohain,	A.,	
… Merad, M. (2012). Deciphering the transcriptional network of the 
dendritic cell lineage. Nature Immunology, 13(9), 888–899. https://
doi.org/10.1038/ni.2370
Nair,	S.,	Fang,	M.,	&	Sigal,	L.	J.	(2015).	The	natural	killer	cell	dysfunction	
of aged mice is due to the bone marrow stroma and is not restored by 
IL-15/IL-15Ralpha	treatment.	Aging Cell, 14(2), 180–190. https://doi.
org/10.1111/acel.12291
Nikolich-Zugich, J. (2018). The twilight of immunity: Emerging concepts 
in aging of the immune system. Nature Immunology, 19(1), 10–19. 
https://doi.org/10.1038/s41590-017-0006-x
12 of 12  |     STOTESBURY ET al.
Pilkington,	S.	M.,	Ogden,	S.,	Eaton,	 L.	H.,	Dearman,	R.	 J.,	Kimber,	 I.,	&	
Griffiths,	 C.	 E.	 M.	 (2018).	 Lower	 levels	 of	 interleukin-1beta	 gene	
expression	 are	 associated	 with	 impaired	 Langerhans'	 cell	 migra-
tion in aged human skin. Immunology, 153(1), 60–70. https://doi.
org/10.1111/imm.12810
Puchta,	 A.,	 Naidoo,	 A.,	 Verschoor,	 C.	 P.,	 Loukov,	 D.,	 Thevaranjan,	 N.,	
Mandur, T. S., … Bowdish, D. M. E. (2016). TNF drives monocyte dys-
function with age and results in impaired anti-pneumococcal immu-
nity. PLoS Pathogens, 12(1),	e1005368.	https://doi.org/10.1371/journ	
al.ppat.1005368
Renshaw,	M.,	Rockwell,	J.,	Engleman,	C.,	Gewirtz,	A.,	Katz,	J.,	&	Sambhara,	
S. (2002). Cutting edge: Impaired toll-like receptor expression and 




and its application for rapid generation of recombinant viruses. 
Journal of Virology, 86(24),	 13501–13507.	 https://doi.org/10.1128/
JVI.01732-12
Rubio, D., Xu, R.-H., Remakus, S., Krouse, T. E., Truckenmiller, M. E., 
Thapa,	R.	J.,	…	Sigal,	L.	J.	(2013).	Crosstalk	between	the	type	1	inter-
feron and nuclear factor kappa B pathways confers resistance to a 
lethal virus infection. Cell Host & Microbe, 13(6), 701–710. https://doi.
org/10.1016/j.chom.2013.04.015
Shehata,	H.	M.,	Hoebe,	K.,	&	Chougnet,	C.	A.	(2015).	The	aged	nonhema-
topoietic environment impairs natural killer cell maturation and func-
tion. Aging Cell, 14(2), 191–199. https://doi.org/10.1111/acel.12303
Sigal,	L.	 J.	 (2016).	The	pathogenesis	and	 immunobiology	of	mousepox.	
Advances in Immunology, 129,	 251–276.	 https://doi.org/10.1016/
bs.ai.2015.10.001
Stoitzner,	P.,	Tripp,	C.	H.,	Douillard,	P.,	Saeland,	S.,	&	Romani,	N.	(2005).	
Migratory	 Langerhans	 cells	 in	mouse	 lymph	 nodes	 in	 steady	 state	




plasmacytoid	 dendritic	 cells	 during	 TLR9	 activation.	The Journal of 
Immunology, 181(10),	 6747–6756.	 https://doi.org/10.4049/jimmu	
nol.181.10.6747
Sutherland, D. B., Ranasinghe, C., Regner, M., Phipps, S., Matthaei, K. I., 
Day,	S.	L.,	&	Ramshaw,	I.	A.	(2011).	Evaluating	vaccinia	virus	cytokine	
co-expression	in	TLR	GKO	mice.	Immunology and Cell Biology, 89(6), 
706–715.	https://doi.org/10.1038/icb.2010.157
Wallace,	 G.	 D.,	 Buller,	 R.	 M.,	 &	 Morse,	 H.	 C.	 3rd	 (1985).	 Genetic	
determinants of resistance to ectromelia (mousepox) 
virus-induced mortality. Journal of Virology, 55(3), 890–891. https://
doi.org/10.1128/jvi.55.3.890-891.1985
Wong,	E.	B.,	Montoya,	B.,	Ferez,	M.,	Stotesbury,	C.,	&	Sigal,	L.	J.	(2019).	
Resistance	 to	 ectromelia	 virus	 infection	 requires	 cGAS	 in	 bone	
marrow-derived	cells	which	can	be	bypassed	with	cGAMP	therapy.	
PLoS Pathogens, 15(12), e1008239. https://doi.org/10.1371/journ 
al.ppat.1008239
Wong,	E.,	Montoya,	B.,	Stotesbury,	C.,	Ferez,	M.,	Xu,	R.	H.,	&	Sigal,	L.	J.	
(2019).	 Langerhans	cells	orchestrate	 the	protective	antiviral	 innate	




and inflammatory monocytes collaborate to recruit NK cells to the 
virus-infected lymph node. Cell Reports, 24(1),	142–154.	https://doi.
org/10.1016/j.celrep.2018.06.004
Worbs, T., Hammerschmidt, S. I., & Forster, R. (2017). Dendritic cell 




essential for virulence and an effective target for vaccination. Journal 
of Experimental Medicine, 205(4),	981–992.	https://doi.org/10.1084/
jem.20071854
Xu, R.-H., Wong, E. B., Rubio, D., Roscoe, F., Ma, X., Nair, S., … Sigal, 
L.	 J.	 (2015).	 Sequential	 activation	 of	 two	 pathogen-sensing	 path-




in	 PGD(2)	 expression	 impair	 respiratory	DC	migration,	 resulting	 in	
diminished T cell responses upon respiratory virus infection in mice. 
Journal of Clinical Investigation, 121(12),	 4921–4930.	 https://doi.
org/10.1172/JCI59777
How to cite this article:	Stotesbury	C,	Wong	EB,	Tang	L,	et	al.	
Defective early innate immune response to ectromelia virus in 
the draining lymph nodes of aged mice due to impaired 
dendritic cell accumulation. Aging Cell. 2020;19:e13170. 
https://doi.org/10.1111/acel.13170
